The inositol 1,4,5-triphosphate receptor (InsP 3 R) 1 is an intracellular calcium (Ca 2ϩ ) release channel that plays a key role in Ca 2ϩ signaling in cells (1) . Three mammalian InsP 3 R isoforms, namely InsP 3 R type 1 (InsP 3 R1), InsP 3 R type 2 (InsP 3 R2), and InsP 3 R type 3 (InsP 3 R3), are expressed in mammals (2) , each with a unique expression pattern. InsP 3 R1 is the predominant neuronal isoform and a subject of multiple levels of regulation (reviewed in Ref. 3) . Neuronal InsP 3 R1 is one of the major substrates of protein kinase A (PKA) phosphorylation in the brain (4 -10) . PKA phosphorylates InsP 3 R1 at two sites, Ser-1589 and Ser-1755 (7) (8) (9) (10) (11) . Both sites are located in the middle coupling domain of the InsP 3 R1 (2). The InsP 3 R1 sequence between the PKA phosphorylation sites is alternatively spliced, resulting in generation of SII(ϩ) (neuronal) and SII(Ϫ) (peripheral) InsP 3 R1 isoforms (7, 12, 13) . The excision of the SII insert changes the PKA phosphorylation pattern of the InsP 3 R1 (7). PKA phosphorylation activates InsP 3 R1 by increasing the sensitivity of InsP 3 R1 to activation by InsP 3 (11, 14 -16) . The Ser-1755 residue is functionally important for potentiating the effects of PKA on the SII(ϩ) InsP 3 R1 splice variant, whereas both Ser-1589 and Ser-1755 are important for potentiating the effects of PKA on the SII(Ϫ) InsP 3 R1 splice variant (11) .
An emerging theme in signal transduction is the association of signaling molecules in macromolecular signaling complexes. The association of upstream and downstream signaling components increases the speed, efficiency, and specificity of signal transduction. Association between signaling molecules is often mediated by adaptor proteins. Recent data indicate that adaptor proteins mediate the association of PKA, PP1, and PP2A with the cardiac Ca 2ϩ release channel ryanodine receptor 2 (RyanR2) (17) . In the previous paper we demonstrated the direct association of neuronal InsP 3 R1 with the catalytic subunit of protein phosphatase 1␣ (PP1␣) (16) . Do InsP 3 R1 and PKA also associate in the brain? Is InsP 3 R1-PKA association direct or mediated by an adaptor protein? To address these questions, here we performed biochemical analysis of InsP 3 R1-PKA association. We discovered a novel InsP 3 R1-AKAP9-PKA complex in the brain and demonstrated that InsP 3 R1-AKAP9 association mediated by leucine/isoleucine zipper (LIZ) motifs in InsP 3 R1 and AKAP9 (Yotiao). The obtained results provide novel information about cross-talk between cAMP and InsP 3 / Ca 2ϩ signaling pathways in the brain.
EXPERIMENTAL PROCEDURES
Plasmid Construction-GST fusion proteins in the pGEX-KG expression vector ϭ GST-RT1-LIZ ϭ 1251-1287 of rat InsP 3 R1 (18) , and GST-RT3-LIZ ϭ 1242-1278 of rat InsP 3 R3 (19) . GST-IC4 ϭ Q2714-A2749 of rat InsP 3 R1 and was described previously as GST-IC1 (16) . HA-AKAP9-LIZ expression constructs in pCMV5-HA were generated by PCR using human AKAP9 plasmid (20) as a template; HA-AKAP9-LIZ ϭ 1-820, HA-AKAP9-LIZ_1-3 ϭ 1-302, HA-AKAP9-LIZ_1-4 ϭ 1-400, and HA-AKAP9-LIZ_1-7 ϭ 1-585. HA-AKAP6-LIZ ϭ 264 -451 in pCMV5-HA was generated by PCR using human AKAP6 plasmid (KIAA0311) as a template. Recombinant baculoviruses encoding rat InsP 3 R1-SII(ϩ) (RT1), InsP 3 R1-SII(Ϫ) (RT1-SII(Ϫ)), InsP 3 R2 (RT2), and InsP 3 R3 (RT3) have been described previously (21, 23) . 2 The RT1-L1268A mutant construct in pFastBac1 vector was generated by a QuikChange kit (Stratagene) and verified by sequencing. The RT1-* This work was supported by the Welch Foundation and National Institutes of Health Grant R01 NS38082 (to I. B.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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L1268A baculovirus was generated and amplified using Bac-to-Bac system according to manufacturer's (Invitrogen) instructions.
Immunoprecipitations and in Vitro Phosphorylation-Adult rat brains were homogenized in 20 mM HEPES/NaOH, pH 7.2, 0.32 M sucrose, 5 mM EDTA, and protease inhibitors. Brain homogenates were solubilized for 1.5 h at 4°C in extraction buffer A containing 1% CHAPS, 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , pH 7.2, 5 mM EGTA, and protease inhibitors. Spodoptera frugiperda (Sf9) cells (100 ml) were infected with RT1 baculovirus and collected by centrifugation 72 h postinfection. Collected cells were solubilized in extraction buffer A. The rat brain and RT1 lysates were clarified by centrifugation at 50,000 ϫ g (TL-100) and incubated with protein ASepharose beads covered with T443 rabbit pAb against InsP 3 R1 (or the corresponding preimmune serum). Precipitated fractions were washed three times with ice-cold phosphorylation buffer (120 mM KCl, 50 mM Tris, pH 7.2, 0.3 mM MgCl 2 , and 0.1% Triton X-100) and resuspended in the phosphorylation buffer. The phosphorylation reaction (in 200-l volume) was initiated by the addition of 5 Ci of [␥-
32 P] ATP, 5 M ATP, and variable concentrations of cAMP (0 -1000 nM) as indicated in the text. In control reactions, 10 units of PKA bovine heart catalytic subunit were added. The phosphorylation reactions were incubated for 1 h at 30°C, and then the beads were pelleted, washed three times with the phosphorylation buffer, and analyzed by phosphorimaging. Synaptosomes (P2) were prepared from rat brains as described previously (24) , solubilized in extraction buffer A, clarified by centrifugation, (100,000 ϫ g in TL-100), and immunoprecipitated with an anti-InsP 3 R1 polyclonal antibody attached to protein A-Sepharose beads. The precipitate was analyzed by Western blotting with monoclonal antibodies against NR1 or PP1. GST, GST-RT1-LIZ, GST-RT3-LIZ, and GST-IC4 proteins were expressed in BL21 bacterial strain, purified on glutathione beads, eluted by reduced glutathione, and added into immunoprecipitation reactions at 200 g/ml as indicated. In Vitro Binding Assays-Lysates from Sf9 cells infected with RT1-SII(Ϫ), RT1-L1268A, RT2, and RT3 baculoviruses were prepared as described above for RT1. The lysates were clarified by centrifugation (100,000 ϫ g in TL-100) and used in binding experiments. HA-AKAP6-LIZ and HA-AKAP9-LIZ fragments were expressed in COS7 cells by DEAE-dextran transfection (25) . 72 h after transfection, cells were collected with ice-cold PBS and solubilized for 30 min at 4°C in extraction buffer containing 0.5% Triton X-100, 20 mM imidazole, pH 6.8, 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, and protease inhibitors. Extracts were clarified by centrifugation for 20 min at 100,000 ϫ g (TL-100 rotor, Beckman), mixed with Sf9 cells lysates containing recombinant InsP 3 R, incubated for 2 h at 4°C, and precipitated by isoform-specific anti-InsP 3 R polyclonal antibodies. Precipitated fractions were analyzed by Western blotting with monoclonal anti-HA antibody.
Antibodies-The mouse monoclonal antibodies used were anti-HA (HA.11 from Covance), purified anti-NR1 (MMS0501P from Covance), anti-PP1, anti-AKAP1, and anti-AKAP2 from BD Transduction Laboratories. Rabbit polyclonal anti-InsP 3 R1 (T443), anti-InsP 3 R2 (IB7122), and anti-InsP 3 R3 (IB7124) antibodies were described previously (26) . 2 Rabbit polyclonal anti-AKAP6 antibody (UB07087) is from Upstate Biotechnology. Rabbit polyclonal anti-AKAP9 (anti-Yotiao) antibody (ZMD.252) is from Zymed Laboratories Inc..
RESULTS

InsP 3 R1-PKA Association Involves an Adaptor Protein and LIZ Motif in the InsP 3 R1
Sequence-To determine whether InsP 3 R1 and PKA form a complex in the brain, we performed a series of InsP 3 R1 immunoprecipitation experiments with rat brain lysates. Precipitated fractions were incubated with variable concentrations of cAMP (0 -1000 nM) in the presence of [ 32 P]MgATP and analyzed by phosphorimaging. We found that a substantial amount of 32 P radioactivity was incorporated into InsP 3 R1 under these conditions in the presence of 100 and 1000 nM cAMP (Fig. 1A ). No 32 P radioactivity was incorporated into InsP 3 R1 in the absence of cAMP, and the signal at 10 nM cAMP was much weaker than at 100 or 1000 nM cAMP (Fig. 1A) . From these results we concluded that functional cAMP-dependent protein kinase A (PKA) is precipitated from rat brain lysates as a complex with the InsP 3 R1. This conclusion is consistent with the previous biochemical studies (27) . Do InsP 3 R1 and PKA associate directly? To address this question, we repeated immunoprecipitation/cAMP-phosphorylation experiments with the lysates from Sf9 cells infected with the RT1 baculovirus. In contrast to experiments with brain lysates, we did not detect cAMP-dependent phosphorylation of InsP 3 R1 precipitated from Sf9 cell lysates even in the presence of 1000 nM cAMP (Fig. 1B) . Thus, we concluded that InsP 3 R1-PKA association is not direct and is most likely mediated by a neuronal PKAanchoring (AKAP) adaptor protein.
The ryanodine receptor, RyanR, is another intracellular Ca 2ϩ release channel distantly related to InsP 3 R. It has been shown that RyanR1 and RyanR2 are associated with the AKAP6 (mAKAP) adaptor protein via non-canonical LIZ motifs in the RyanR1 and RyanR2 sequences (17) . The canonical leucine zipper (LZ) motif in the carboxyl-terminal transmembrane region of InsP 3 R1 plays an important role in the oligomerization of InsP 3 R (28, 29) . By sequence analysis we identified an additional non-canonical LIZ motif in the coupling region of the InsP 3 R1 (Asn-1251-Ile-1287, Fig. 2A ). The identified InsP 3 R-LIZ motif is similar to the AKAP6-binding LIZ motif in RyanR1 and RyanR2 ( Fig. 2A) . Notably, both InsP 3 R and RyanR contain the "skip" residue (eight residues instead of seven between "d" amino acids) (30) in the same position of this particular LIZ motif ( Fig. 2A, indicated by a small triangle) . Thus, by analogy with RyanR, we reasoned that LIZ motif in the InsP 3 R1 sequence may also mediate the association of InsP 3 R1 with an AKAP protein.
To test the importance of the identified LIZ motif for InsP 3 R1 association with PKA, we repeated immunoprecipitation/cAMP phosphorylation experiments in the presence of the GST-RT1-LIZ protein. We found that GST-RT1-LIZ protein disrupted cAMP-dependent phosphorylation of immunoprecipitated brain InsP 3 R1 (Fig. 2B) . The effects of GST-RT1-LIZ were specific, as GST protein had no effect on cAMP-dependent phosphorylation of immunoprecipitated neuronal InsP 3 R1, and the GST-RT3-LIZ protein had a much lesser effect than GST-RT1-LIZ (Fig. 2B ). From these results we concluded that InsP 3 R1-PKA association in the brain is likely to be mediated by an AKAP adaptor protein that binds to the InsP 3 R1-LIZ motif ( Fig. 2A) .
InsP 3 R1 Is Specifically Associated with AKAP9 in VivoAKAPs play an important role in the compartmentalization of cAMP signaling in cells (31) . AKAP6 (mAKAP, AKAP100, KIAA0311) protein is expressed in muscle and the brain and is localized to the sarco/endoplasmic reticulum (32) . The AKAP6 protein is 2319 amino acids long (molecular mass 257 kDa) and contains two LIZ motifs (Table I) , a PDE4D3 phosphodiesterase binding site, and an RII-binding site (Fig. 3A) (17, 32, 33) . The AKAP6-LIZ2 motif binds to the LIZ3 motif in the RyanR1 and RyanR2 sequences (17) . To determine whether the LIZ-dependent association of InsP 3 R1 with PKA is also mediated by AKAP6, we attempted to precipitate the AKAP6-InsP 3 R1 complex from rat brain lysates. In these experiments rat brain lysates were precipitated with anti-AKAP6 polyclonal antibodies, and the amount of precipitated InsP 3 R1 was quantified by [ 3 H]InsP 3 binding. To confirm the specificity of immunoprecipitations, the experiments were performed in the presence of GST or GST-RT1-LIZ proteins. In control experiments we demonstrated that the addition of GST or GST-RT1-LIZ proteins had a similar effect on the precipitation of [ 3 H]InsP 3 binding sites from rat brain lysates by anti-InsP 3 R1 polyclonal antibodies (Fig. 3C) . We found that AKAP6 polyclonal antibodies failed to precipitate [ 3 H]InsP 3 -binding sites from rat brain lysates above the background (Fig. 3C) . Thus, it is unlikely that the InsP 3 R1-AKAP6 complex is formed in rat brain.
After the failure of anti-AKAP6 antibodies to precipitate [ 3 H]InsP 3 -binding sites from brain lysates, we searched other known AKAP proteins for the presence of LZ/LIZ motifs. In addition to AKAP6 (mAKAP, AKAP100), we identified LZ/LIZ motifs in AKAP1 (AKAP84, AKAP149), AKAP2 (AKAP-KL), AKAP9 (Yotiao, AKAP120, AKAP350, AKAP450), AKAP13 (HT31), and Scar (wave-1) ( Table I) . We have not detected LZ/LIZ motifs in sequences of the other known AKAP proteins (31, 34) , namely AKAP3 (AKAP110), AKAP4 (AKAP82), AKAP5 (AKAP75/79), AKAP7 (AKAP18), AKAP8 (AKAP95), AKAP10, AKAP11 (AKAP220), AKAP12 (Gravin, AKAP250), MAP2B, and myosin VIIA (data not shown). Using commercially available anti-AKAP1 and anti-AKAP2 monoclonal antibodies, we failed to detect AKAP1 and AKAP2 in fractions precipitated from rat brain lysates by anti-InsP 3 R1 rabbit polyclonal antibodies (data not shown). Thus, we focused on AKAP9 (Yotiao), a multifunctional PKA adaptor protein expressed in brain, heart, and testis (20) .
AKAP9 is a 1652-amino acid-long protein (molecular mass 191 kDa) that contains seven LIZ motifs (Table I) , two LZ motifs (Table I) , an NR1 NMDA receptor subunit-binding region, a PP1-binding site, and an RII-binding site (Fig. 3B) (20, 35, 36) . When we performed immunoprecipitation experiments with rat brain lysates using anti-AKAP9 polyclonal antibodies, we discovered that anti-AKAP9 antibodies precipitated ϳ50% of the [ 3 H]InsP 3 -binding sites that could be precipitated by anti-InsP 3 R1 antibodies (Fig. 3C) . Importantly, the precipitation of [ 3 H]InsP 3 -binding sites by anti-AKAP9 antibodies was prevented in the presence of the GST-RT1-LIZ protein, but not in the presence of the GST protein (Fig. 3C) . From these results we concluded that, in the brain, InsP 3 R1 forms a complex with AKAP9 but not with AKAP6. This conclusion was further supported by Western blotting of anti-AKAP6 and anti-AKAP9 immunoprecipitated fractions with anti-InsP 3 R1 polyclonal antibodies (data not shown). To further establish a role of LIZ motif in the InsP 3 R1 sequence, we generated a RT1-L1268A mutant baculovirus ( Fig.  2A) in which the LIZ motif is disrupted. In control Western blotting experiments we confirmed that RT1 and RT1-L1268A express in Sf9 cells at similar levels (Fig. 4A) . In immunopre- cipitation experiments we found that the HA-AKAP9-LIZ protein forms a complex with RT1 but not with the RT1-L1268A protein (Fig. 4B ). In agreement with in vivo precipitations, RT1 association with HA-AKAP9-LIZ was inhibited by GST-RT1-LIZ but not by the GST protein (Fig. 4B) . Thus, we concluded that InsP 3 R1 and AKAP9 specifically associate via LIZ-mediated interactions.
The LIZ motif is present in all InsP 3 R isoforms ( Fig. 2A) . Do InsP 3 R2 and InsP 3 R3 bind AKAP9? Does the InsP 3 R1-SII(Ϫ) splice variant bind AKAP9? To answer these questions we repeated HA-AKAP9-LIZ in vitro binding experiments with InsP 3 R2 (RT2) and InsP 3 R3 (RT3) isoforms and with the InsP 3 R1-SII(Ϫ) (RT1-SII(Ϫ)) splice variant expressed in Sf9 cells by baculoviral infection (21, 23) . 2 In these experiments we found that AKAP9-LIZ fragment binds to both InsP 3 R1 SII splice variants, but not to the InsP 3 R2 or InsP 3 R3 isoforms (Fig. 4B) . The specificity of the AKAP9-LIZ fragment for InsP 3 R1 agrees with the ability of GST-RT1-LIZ, but not GST-RT3-LIZ, to disrupt InsP 3 R1-PKA association immunoprecipitation experiments from brain lysates (Fig. 2B) . Do any of the InsP 3 R isoforms bind AKAP6? To answer this question, we performed in vitro binding experiments with InsP 3 R-expressing Sf9 cells lysates and HA-AKAP6-LIZ protein expressed in COS cells. We found that the AKAP-LIZ region failed to associate with any InsP 3 R isoform in vitro (Fig. 4C) , which is in agreement with negative immunoprecipitation results with anti-AKAP6 polyclonal antibodies (Fig. 3C) .
Sequence analysis predicts seven LIZ motifs and two canonical LZ motifs in the AKAP9 sequence ( Figs. 3B and 5A ; also Table I ). To determine which of these motifs mediate association with InsP 3 R1, we generated a series of truncated HA-AKAP9-LIZ constructs (Fig. 5A ). These truncated HA-AKAP9-LIZ constructs were expressed in COS cells and tested for association with recombinant InsP 3 R1 (RT1) expressed in Sf9 cells by baculoviral infection as described above. We found that HA-AKAP9-LIZ_1-7 and HA-AKAP9-LIZ_1-4 fragments bind to InsP 3 R1 in a similar fashion as the HA-AKAP9-LIZ construct (Figs. 4B and 5B). In contrast, the HA-AKAP9-LIZ_1-3 fragment did not bind to InsP 3 R1 (Fig. 5B) . These results clearly indicated that association with InsP 3 R1 is mediated by the LIZ4 motif (amino acids 364 -392; Table I) in the AKAP9 sequence.
InsP 3 R1-NR1 and InsP 3 R1-PP1 Association-AKAP9 is a multifunctional adaptor protein that was initially isolated as a C1 exon-dependent binding partner for the NR1 NMDA receptor subunit (20) . The results described above suggest that AKAP9 mediates InsP 3 R1 association with PKA. To test if AKAP9 also mediates InsP 3 R1 association with NR1 NMDA receptors, we performed InsP 3 R1 immunoprecipitation experiments from rat brain synaptosomal lysates and analyzed precipitated fractions by Western blotting with anti-NR1 purified mouse monoclonal antibodies. We discovered that NR1 receptors were efficiently immunoprecipitated by anti-InsP 3 R1 polyclonal antibodies (Fig. 6A) . Precipitation of NR1 subunits by anti-InsP 3 R1 antibodies was inhibited by the addition of the GST-RT1-LIZ protein but not by the addition of the GST protein to the immunoprecipitation reaction (Fig. 6A) , which is consistent with AKAP9-LIZ mediated association.
In the previous studies we discovered the direct association of the InsP 3 R1 carboxyl-terminal region with the PP1␣ catalytic subunit (16) . AKAP9 also contains the PP1-binding site 6B) . In the previous studies we demonstrated that the GST-IC4 protein (previously described as GST-IC1) acts as an inhibitor of direct association between PP1 and the InsP 3 R1 carboxyl terminus (16) . Addition of the GST-IC4 protein to the InsP 3 R1 immunoprecipitation reaction resulted in an ϳ75% reduction in the amount of PP1 precipitated from synaptosomal lysates (Fig. 6B) . Some, but not all, of this reduction could be attributed to GST-IC4 interference with the immunoprecipitating ability of anti-InsP 3 R1 antibodies (Fig. 3C) . Addition of the GST-RT1-LIZ protein resulted in an ϳ30% reduction in the amount of precipitated PP1 (Fig. 6B) . When both GST-IC4 and GST-RT1-LIZ proteins were included in the immunoprecipitation reaction, PP1 immunoreactivity disappeared from the InsP 3 R1 immunoprecipitates (Ͼ80% reduction) (Fig. 6B) . These results indicate that both direct and AKAP9-mediated interactions are important for InsP 3 R1-PP1 association in the brain. The non-additive inhibitory effects of GST-IC4 and GST-RT1-LIZ proteins (Fig. 6B ) most likely result from the nonlinear nature of the enhanced chemiluminescence used to quantify immunoprecipitated PP1.
DISCUSSION
A cross-talk between the cAMP and Ca 2ϩ signaling systems plays an important role in the brain (37) . InsP 3 R1 is one of the most prominent substrates of PKA phosphorylation in the (Table I) , LZ 1-2 motifs (Table  I and brain (4 -10 ). Here we demonstrate that InsP 3 R1 and PKA associate in a complex mediated by the adaptor protein AKAP9 (Yotiao) (20) . Our results are consistent with the previous biochemical studies that demonstrated InsP 3 R1-PKA association in immunoprecipitation experiments (27) . AKAP9 belongs to a class of AKAPs (protein kinase A anchoring proteins) that play an important role in the compartmentalization of cAMP signaling in cells (31) . Discovery of LIZ-mediated InsP 3 R1-AKAP9 interactions (present report) adds to the previously described association of AKAP6 (mAKAP) with RyanR2 and RyanR1 (17) and AKAP15 (AKAP7, AKAP18) with the carboxyl-terminal region of the Ca V 1.1 L-type Ca 2ϩ channel subunit (38) (via partial LZ motif in AKAP15 sequence). The presence of LZ/LIZ motifs in AKAP1 (AKAP84, AKAP121, AKAP149), AKAP2 (AKAP-KL, KIAA0920), AKAP13 (HT31) and Scar (wave-1) (Table I) indicate that additional interactions of this type are likely to be discovered.
AKAP9 is a multi-functional AKAP that also binds the NR1 subunit of the NMDA receptor (20, 36) and PP1 (35) . Thus, InsP 3 R1-AKAP9 binding is important not only for InsP 3 R1-PKA association but also for InsP 3 R1-NR1 (Fig. 6A) and InsP 3 R1-PP1 (Fig. 6B ) association in synaptic locations. The AKAP9-mediated association between the coupling region of InsP 3 R1 and the NR1 NMDA receptor (present report) adds to a previously reported Homer-mediated association of the InsP 3 R1 amino terminus with mGluR1␣/5 receptors (39) and a 4.1N-mediated association of the InsP 3 R1 carboxyl terminus with syndecan-2 and CASK (40) . Thus, InsP 3 R1 has at least three potential links to postsynaptic plasma membrane signaling proteins, with some or all of these interactions likely playing an important role in the highly compartmentalized Ca 2ϩ signaling in postsynaptic spines.
The LIZ region of AKAP9 specifically binds to the SII(ϩ) and SII(Ϫ) splice variants of InsP 3 R1 (Fig. 4B) . Although InsP 3 R2 and InsP 3 R3 also contain LIZ motifs ( Fig. 2A) , they do not bind the LIZ region of AKAP9 (Fig. 4B) . In the previous studies we demonstrated specific association of PP1␣ with the type 1 InsP 3 R carboxyl-terminal region (16) . Thus, when compared with InsP 3 R2 and InsP 3 R3, InsP 3 R1 appears to be unique in its ability to associate with components of the cAMP signaling cascade. PKA phosphorylates InsP 3 R1 at two sites, Ser-1589 and Ser-1755 (7) (8) (9) (10) (11) . Primary sequence analysis reveals the presence of a single PKA phosphorylation consensus site at Ser-1687 in rat InsP 3 R2 and three PKA consensus phosphorylation sites in rat InsP 3 R3 (Ser-934, Ser-1133, and Ser-1460). Thus, for all three InsP 3 R isoforms, potential PKA phosphorylation sites are located in the middle coupling domain of the InsP 3 R (2). Interestingly, when agonist-induced PKA phosphorylation of endogenous InsP 3 R was compared in the SH-SY5Y (InsP 3 R1), AR4 -2J (InsP 3 R2) and RINm5F (InsP 3 R3) cell lines (15) , it was concluded that PKA phosphorylated InsP 3 R1 efficiently (0.65 mol Pi/mol), InsP 3 R3 less efficiently (0.14 mol Pi/mol), and InsP 3 R2 very inefficiently (0.04 mol Pi/mol). It is likely that AKAP9-mediated recruitment of PKA facilitates It is interesting to compare the modes of InsP 3 R1 and RyanR association with components of the cAMP signaling cascade. The cardiac RyanR2 isoform contains three LIZ motifs, which associate with spinophilin/PP1 (LIZ1), PR130/PP2A (LIZ2), and AKAP6/PKA (LIZ3), respectively (Fig. 7A) (17) . The skeletal muscle RyanR1 isoform lacks the LIZ2 (PR130-binding) motif but contains the LIZ1 (spinophilin-binding) and LIZ3 (AKAP6-binding) motifs (Fig. 7B) (17) . Our sequence analysis demonstrated that the motifs homologous to RyanR2-LIZ1 and RyanR2-LIZ2 are absent in the InsP 3 R1 sequence (data not shown) but that InsP 3 R1 contains a LIZ motif homologous to the RyanR2-LIZ3 (AKAP6-LIZ2-binding) motif ( Figs. 2A and  7C) . Interestingly, the InsP 3 R1-LIZ motif does not bind AKAP6 (Figs. 3C and 4C ) but instead binds the AKAP9-LIZ4 motif (Figs. 3C, 4B, and 5B). Consistent with the absence of the LIZ1 (spinophilin-binding) motif in the InsP 3 R1 sequence, the catalytic subunit of PP1␣ binds directly to the InsP 3 R1 carboxyl terminus (16) (Fig. 7C) . In addition, the catalytic subunit of PP1 also binds to the PP1-binding motif in the AKAP9 sequence (35) (Figs. 3B, 5A, and 7C) . The experiments with GST-IC4 and GST-RT1-LIZ competitive peptides indicate that both direct and AKAP9-mediated interactions are important for InsP 3 R1-PP1 association in the brain (Fig. 6B) . Although the LIZ2 (PR130-binding) motif is absent in the InsP 3 R1 sequence, InsP 3 R1-PP2A association has been reported in immunoprecipitation experiments (27) . It is not clear if InsP 3 R1-PP2A association is direct or involves an adaptor protein. Interestingly, AKAP450 (CG-NAP), a longer splice-variant of AKAP9, binds to PR130/PP2A (35) . It remains to be determined if AKAP450 plays a role in InsP 3 R1 association with PP2A.
It is notable that critical PKA phosphorylation sites (Ser-1854 in Ca V 1.1 L-type Ca 2ϩ channels (38) , Ser-2843 in RyanR1 (41), Ser-2809 in RyanR2 (42) , and Ser-1589 and Ser-1755 in InsP 3 R1) (7) (8) (9) (10) (11) are located in the immediate proximity of the LIZ motif involved in association with AKAP15 (for Ca V 1.1) (38), AKAP6 (for RyanR1 and RyanR2) (17) , and AKAP9 (for InsP 3 R1; present report) (Fig. 7) . The proximity of AKAP15/ AKAP6/AKAP9 docking and PKA phosphorylation sites is likely to play an important role in facilitating efficient phosphorylation of the large proteins such as the Ca V 1.1 L-type Ca 2ϩ channels RyanR and InsP 3 R1. Indeed, the importance of Ca V 1.1-AKAP15 and RyanR1-AKAP6 association for PKA-mediated effects on Ca V 1.1 L-type Ca 2ϩ channels and RyanR1 has been demonstrated recently in a heterologous system (38, 43) . Future experiments will be needed to establish the physiological relevance of InsP 3 R1 association with AKAP9 and PKA for FIG. 7 . Association of RyanR2, RyanR1, and InsP 3 R1 with components of the cAMP signaling cascade. A, location of LIZ motifs in human RyanR2 sequence is shown (LIZ1 ϭ 555-604; LIZ2 ϭ 1604 -1643; and LIZ3 ϭ 3004 -3040). RyanR2-LIZ1 binds to spinophilin/PP1, RyanR2-LIZ2 binds to PR130/PP2A, and RyanR2-LIZ3 binds to AKAP6/PKA/PDE4D3 (17, 33) . Also shown is the location of the critical PKA phosphorylation site Ser-2809 (S2809) (42) and the predicted channel-forming transmembrane regions (TMR ϭ 4504 -4868). B, location of the LIZ motifs in human RyanR1 sequence is shown (LIZ1 ϭ 543-592; and LIZ3 ϭ 3039 -3075). RyanR1-LIZ1 binds to spinophilin/PP1, and RyanR1-LIZ3 binds to AKAP6/PKA/PDE4D3 (17, 33) . Also shown is the location of critical PKA phosphorylation site Ser-2843 (S2843) (41) and the predicted channel-forming transmembrane regions (TMR ϭ 4565-4938). C, location of the LIZ motif in the rat InsP 3 R1 sequence is shown (1251-1287). InsP 3 R1-LIZ binds to AKAP9 (present report), which, in turn, binds to PKA, PP1, and NR1 (20, 35, 36) . Also shown are the locations of critical PKA phosphorylation sites Ser-1589 (S1589) and Ser-1755 (S1755) (7) (8) (9) (10) , the SII site of alternative splicing (1692-1731) (7, 12, 13) , the boundaries of the InsP 3 -binding region (amino acids 1-604) (22) , the predicted channel-forming transmembrane regions (TMR ϭ 2276 -2588), and the carboxyl terminal PP1␣-binding site (2731-2749) (16) .
cross-talk between cAMP and Ca 2ϩ signaling pathways in the brain.
